analyze dislocation indirectly by detecting substrate deglycosylation (for glycoproteins) or substrate ubiquitination (for luminal substrates), events that occur only when the substrates reach the cytosol (23) (24) (25) (26) (27) . However, these methods are not always effective because the dislocation of certain substrates is tightly coupled with their ubiquitination and subsequent proteasomal degradation (28) . The complexity of dislocation processes also requires more efficient assays. Nearly ninety proteins in mammalian cells are involved in ERAD or have high-confidence interactions with ERAD machineries (26, (29) (30) (31) (32) . The actual number of ERAD components could easily be over a hundred, as the actual components do not necessarily have to interact with the ERAD machinery with high affinity. These ERAD components are organized into various complexes that are centered on one of the many proven or potential ERAD E3 ubiquitin ligases, which dispose of misfolded proteins with various characteristics (33) (34) (35) . Moreover, it is possible that a given E3 can organize different complexes that perform different roles in different cells (36, 37) . It would be difficult and tedious to study the large number of potential regulators in many different dislocation complexes by the currently available biochemical methods. Therefore, the establishment of an efficient live cell assay for dislocation could significantly expedite the study of the molecular mechanisms of dislocation.
In this study, we report a novel split-GFPbased dislocation assay. In this assay, dislocation leads to the reconstitution of GFP fluorescence from its fragments. The reconstituted GFP serves as a reporter for the localization and quantity of dislocated substrates in living cells. By combining this approach with RNAi and chemical inhibitors of proteins in ERAD complexes, we demonstrate the feasibility of this assay for analyzing the mechanisms that underlie the dislocation of various types of substrates. Moreover, the strategy described herein should be widely applicable to the study of other types of transmembrane transport of proteins in living cells.
EXPERIMENTAL PROCEDURES
Plasmid constructs -The plasmids pCMVmGFP(1-10) and pCMV-mGFP(Cterm S11) were purchased from Theranostech, Inc. The lentiviral backbone plasmid pRRL-sinhCMV-ΔGFP and the two-helper plasmids, pVSVG and pDelta8.7, as well as the p53-GFP construct, have been described previously (32, 38) . The plasmid pRRL-S1-10 was constructed by inserting the open reading frame (ORF) of mGFP S1-10 (Nhe I/BamH I fragment blunted with Klenow) from pCMV-mGFP(1-10) into the BamH I site (blunted) of pRRL-sinhCMV-ΔGFP. To construct plasmids expressing the SP-S11-tagged ATM or NHK, DNA fragments encoding an N-terminal signal peptide (the first 33 amino acids from ATM) followed by mGFP S11, a linker sequence (GDGGSGGGSAS), the ATM or NHK sequence without the N-terminal 25 amino acids and a Cterminal HA tag sequence were inserted into the EcoR I/Not I sites of pCMV-mGFP(Cterm S11) to replace the original sequence in the vector. A nuclear localization signal (NLS, PKKKRKV) was inserted by site-directed mutagenesis between the linker sequence and NHK sequence to generate a construct for expressing SP-S11-NLS-NHK-HA. These DNA fragments were also inserted after the FLAG tag sequence that was constructed in the pCIneo vector for expressing FLAG-SP-S11-ATM-HA, -NHK-HA or -NLS-NHK-HA constructs. To make a construct for expressing S11-NHK-HA (no SP), a DNA fragment encoding S11, the linker sequence, the NHK sequence without the N-terminal 25 amino acids and a Cterminal HA tag sequence were inserted into the pCIneo vector. The FLAG-S11-NHK-HA and FLAG-S11-NLS-NHK-HA plasmids were constructed by inserting DNA fragments encoding S11-NHK-HA or S11-NLS-NHK-HA from the previous constructs into pFLAG-CMV-6a. The SP-S11-CD3δ-HA plasmid was constructed by replacing its SP sequence with the sequence encoding NHK SP, S11 and the linker sequence using pCIneo-CD3δ-HA as a template plasmid. Site-directed mutagenesis was used to replace the sequence encoding the C-terminal PRNKKSG sequence from the mouse CD3δ with the NLS to make the SP-S11-CD3δ-NLS-HA construct.
Antibodies -Monoclonal anti-gp78 (2G5) and rabbit polyclonal anti-Hrd1 antibodies have been described previously (39 Lentivirus production -A previously reported protocol was used for the production of lentiviral particle expressing S1-10 (38). Briefly, HEK293T cells were co-transfected with pRRL-S1-10 and helper vectors pDelta8.7 and pVSVG in a ratio of 5:5:3 using Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, virus-containing crude supernatant was collected and stored at −80°C until use.
Establishment of a HeLa cell line stably expressing SP-S11-NHK-HA and S1-10 -We first established a HeLa cell line stably expressing S1-10. HeLa cells were infected with the viruscontaining crude supernatant. Forty-eight hours after infection, cells were re-seeded to a 96-well plate at a concentration of approximately 1 cell/well. After an additional 2 weeks in culture, cells expressing S1-10 were confirmed by immunostaining and immunoblotting. Clones expressing S1-10 evenly in all cells were used for subsequent experiments.
HeLa cells stably expressing S1-10 were co-transfected with the SP-S11-NHK construct and pBABE-puro at a ratio of 20:1. Twenty-four hours after transfection, cells were selected with puromycin and cultured for an additional 2 weeks until single clones were visible. The single clones were separately transferred to 12-well plates for expansion. The expression levels of SP-S11-NHK-HA in these cells were analyzed by immunoblotting. Positive clones were treated with MG132 for 4 hours to visualize drGFP fluorescence. Clones showing even fluorescence among cells after MG132 treatment were used for further experiments.
Immunofluorescence -Cells were fixed, either by methanol for 1 hour at -20 °C or by 4 % paraformaldehyde for 30 min at 4 °C, and blocked in 0.1 % saponin plus 0.1 % human serum albumin. Then, the cells were labeled with mouse monoclonal anti-HA or anti-GFP antibody, as indicated, for 1 hour followed by labeling with Alexa® Fluor 594 conjugated goat anti-mouse IgG (H+L) for 1 hour before fluorescence microscopy.
Plasma membrane permeabilization assay -The plasma membrane permeabilization assay was performed according to a previous report (41) . Briefly, cells cultured on chambered coverglass were treated as indicated. Then, the culture medium was replaced with KHM buffer (110 mM potassium acetate, 20 mM HEPES, 2 mM MgCl 2 ). An equal volume of KHM buffer containing 20 µg/ml digitonin was added to the cells to permeabilize the plasma membranes. Images were acquired on a Zeiss Axiovert 200M fluorescence microscope every 30 sec immediately after the addition of digitonin for 3 min.
Preparation of cytoplasmic and nuclear fractions -Cytoplasmic and nuclear fractions were prepared according to the previous report with minor modifications (42) . Briefly, about 3×10 6 cells were suspended in 80 µl cold HB buffer (10 mM Tris pH 7.9, 1.5 mM MgCl2, 10 mM KCl, protease inhibitor cocktail), and left on ice for 20 min. Then 20 µl of HB buffer containing 1% Triton X-100 was added to the cells. After vortexing for 5 sec, the homogenate was spun at 1000 ×g for 10 min. The supernatant represents the cytoplasmic fraction. The pellet was resuspended in HB buffer containing 0.2% Triton X-100, votexed for 5s and spun at 1000 ×g for 10 min to remove the contaminated cytoplasmic fraction components. The pellet containing the nuclear fraction was then resuspended in buffer C (10 mM Tris pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 400 mM NaCl, 0.4% Triton X-100, protease inhibitor cocktail), vortexed at 4ºC for 30 min vigorously and spun at 20,000 ×g for 15 min to prepare the nuclear extract. The cytoplasmic and nuclear fractions were further processed for immunoblotting as reported previously (32) .
Live cell imaging and drGFP measurement -Live cell images were acquired every 10 min under a 63x objective lens mounted on a Zeiss AxioObserver Z1 fluorescence microscope equipped with a high-sensitivity CCD camera (QuantEM 512SC; Photometrics, Tucson, AZ), environment control units and a Definitive Focus module. The relative intensities of drGFP were quantified either using ImageJ software or on a fluorescence microplate reader. HeLa cells stably expressing SP-S11-NHK-HA and S1-10 were seeded to black 96-well plate (Costar 3916). After overnight culture, the cells were treated with MG132 (10 µM) alone or MG132 (10 µM) together with IPZ (30 µM) and/or DBeQ (7.5 µM) for 4 h. Then the cells were washed once with PBS. The relative fluorescence units (RFU) of drGFP were measured with GloMax®-Multi+ Detection System using excitation = 488 nm and emission = 525nm.
Proteinase K protection assay -HeLa cells stably expressing SP-S11-NHK-HA and S1-10 were transfected with siRNA targeting Sel1L or Hrd1 as indicated. Forty-eight hours after transfection, the cells were homogenized in fractionation buffer (50 mM Tris/HCl pH 8.0, 1 mM 2-mercaptoethanol, 1 mM EDTA, 10 mM triethanolamine, and 0.32 M sucrose) by passing through a 27-gauge syringe 20 times. The homogenates were centrifuged at 1000 ×g for 5 min to remove unbroken cells, cell debris and nuclei.
The supernatant-containing the microsomes was treated with Proteinase K (100 µg/ml) as indicated for 20 min on ice and lysed by adding 1 % Triton X-100. The Proteinase Ktreated cells and untreated control cells were further processed for immunoblotting for indicated proteins, as we previously reported (32, 43) .
In vivo ubiquitination -NHK ubiquitination was examined as previously reported (32) . To study the effects of Sel1L and Hrd1 on NHK ubiquitination, HeLa cells stably expressing SP-S11-NHK and S1-10 were transfected with siRNA targeting Sel1L or Hrd1 as indicated. 48 hours after transfection, cells were treated with MG132 (10 µM) for 4 hours to inhibit proteasomal degradation. Then, the cells were harvested and lysed in 2 % SDS. After boiling for 30 min, the lysates were diluted 20 times in cell lysis buffer, and the DNA was broken by sonication for 3 sec. The cell debris and nuclei were removed by centrifugation. Two hundred micrograms of protein in the lysates was used for immunoprecipitation (IP) with an anti-HA Affinity Matrix (Roche). The precipitates were processed for immunoblotting. To study the effects of IPZ and DBeQ on NHK ubiquitination, HeLa cells stably expressing SP-S11-NHK and S1-10 were treated with MG132 alone or together with the chemicals, as indicated, for 4 hours. Then, the cells were processed for IP as described (32) .
RESULTS

Dislocation-dependent reconstituted GFP (drGFP) in living cells
To study protein dislocation in living cells, we took advantage of the split-GFP system that had been developed from a well-folded variant of GFP (44) . This GFP molecule can be split into two fragments: the Cterminal β-strand (S11), and the remaining 10 β-strands (S1-10). S11 can efficiently associate with S1-10 to reconstitute GFP when the two fragments meet. We hypothesized that if we expressed S11-tagged misfolded protein in the ER lumen and S1-10 in the cytosol, then when S11-tagged protein was dislocated from the ER lumen to the cytosol, the tagged S11 should have the opportunity to meet and reassemble with S1-10, resulting in reconstitution of the GFP (Fig. 1A) . We first tested this hypothesis using the null Hong Kong variant of α-1-antitrypsin (NHK), a mutant protein that is retained in the ER lumen and then dislocated to the cytosol for degradation by the proteasomes (45, 46) . A plasmid was constructed to express a modified version of NHK in which an S11 fragment was inserted after the signal peptide (SP) of NHK and an HA tag was added at the Cterminus, resulting in the production of SP-S11-NHK-HA protein (Fig. 1A) . Wild type α-1-antitrypsin (ATM) with the same tags (SP-S11-ATM-HA) was used as a negative control for dislocation, as ATM folds properly and therefore is not subject to dislocation and degradation (45, 46) . We first determined whether the modified proteins could translocate into the ER as efficiently as their unmodified forms by examining their N-glycosylation, an event that occurs only when proteins are translocated into the ER (47) . The modified proteins were expressed in HeLa cells. Extracts prepared from these cells were treated with Peptide: N-Glycosidase F (PNGase F) to remove the N-glycans from ERAD substrates (48) . Immunoblotting revealed that the sizes of both proteins were decreased after PNGase F treatment, indicating that N-glycans were removed from these proteins (Fig. 1B) . SP cleavage is another indicator of ER translocation (49, 50) . To determine whether the SP was cleaved, we further modified SP-S11-NHK-HA and SP-S11-ATM-HA by adding a FLAG tag at the N-terminus of the SP. Thus, cleavage of SP would also remove the FLAG tag. We expressed these proteins in HeLa cells. Immunoblotting with anti-α-1-antitrypsin antibody confirmed their expression (Fig. 1C) . Importantly, these proteins could not be detected by an anti-FLAG antibody even when proteasomal degradation was inhibited by epoxomycin (Fig. 1C,  lanes 1, 2, 4, 5) . A control, cytosolic version of NHK (FLAG-S11-NHK-HA) with the SP deleted was detected by both antibodies (Fig. 1C, lanes 3,  5) . These results indicate that the modified NHK and ATM are subject to SP cleavage that results in the removal of their FLAG tags. Taken together, the evidence of efficient N-glycosylation and SP cleavage indicates that S11 tagging does not hinder the translocation of NHK or ATM into the ER.
Next, we expressed SP-S11-NHK-HA or SP-S11-ATM-HA in HeLa cells that stably express S1-10 to determine whether we could detect GFP reconstitution by fluorescence microscopy. The stably expressed S1-10 was confirmed by immunofluorescence staining with an anti-GFP antibody (date now shown). Immunofluorescence staining for HA revealed the expression of SP-S11-NHK-HA and SP-S11-ATM-HA, but almost no GFP signal was observed in the cells (Fig. 1D , panels 1-3 and 7-9), likely as a result of the tight coupling of dislocation with proteasomal degradation. Indeed, treatment with the proteasome inhibitor epoxomycin (to block the degradation of dislocated proteins) led to significant increases in GFP fluorescence in cells expressing SP-S11-NHK-HA (Fig.1D , panels 10-12), but not SP-S11-ATM-HA (Fig. 1D , panels 4-6). Time-lapse imaging revealed a time-dependent increase in GFP fluorescence in SP-S11-NHK-HA-expressing cells (Supplementary Movie 1) . These results are consistent with the fact that NHK, but not ATM, undergoes dislocation and degradation by the proteasome. When a cytosolic version (SP-deleted) of S11-NHK-HA was expressed in HeLa cells stably expressing S1-10, GFP fluorescence was readily observed in the cells even without epoxomycin treatment (Fig. 1D , panels [13] [14] [15] [16] [17] [18] . These results indicate that the GFP fluorescence in cells expressing SP-S11-NHK-HA and S1-10 resulted from the reassembly of the dislocated S11-NHK-HA with S1-10. This dislocation-dependent reconstituted GFP (drGFP) can, therefore, be used to monitor NHK dislocation in cells.
To determine whether the same strategy can be used to monitor the dislocation of membrane-spanning ERAD substrates, we chose to test CD3δ, a single transmembrane ERAD substrate with its N-terminus in the lumen and its C-terminus in the cytosol (51, 52) . We generated a plasmid for expressing SP-S11-CD3δ-HA in which S11 coding sequence was inserted after the signal peptide so that the S11 region of the recombinant protein will locate in the lumen (Fig.  1A) . PNGase F digestion results indicated that the modified CD3δ was efficiently translocated into the ER (Fig. 1E) . Similar to the results observed for NHK, the co-expression of SP-S11-CD3δ-HA and S1-10 in HeLa cells did not directly result in GFP fluorescence (Fig. 1F) . The generation of GFP fluorescence in these cells once again required proteasome inhibition by MG132 (Fig. 1F and Supplementary Movie 2). These results indicate that the S11-tagging approach can also be used to monitor the dislocation of membranebound CD3δ in living cells.
NHK and CD3δ can be fully dislocated from the ER to the cytosol Although there are reported examples of both membrane and luminal substrates being fully dislocated to the cytosol as revealed by subcellular fractionation assays, it remains controversial whether this full dislocation actually occurs in cells (28, 36) . To assess the full dislocation of NHK, we examined the effects of plasma membrane permeabilization on NHK drGFP. If NHK were fully dislocated to the cytosol, drGFP would be released from the cell when the membrane was permeabilized, leading to decreases in fluorescence. We expressed SP-S11-NHK-HA in HeLa cells that stably express S1-10. An ER luminal DsRed molecule was co-expressed to monitor the integrity of the ER membrane. The cells were then treated with MG132 for 4 hours, followed by plasma membrane permeabilization with digitonin to release the cytosol (41) , and time-lapse imaging to determine the changes in drGFP and DsRed fluorescence intensities. Whereas the ER luminal DsRed signal remained almost constant, the drGFP signal was rapidly lost (Fig. 2A, B) , suggesting that the S11-NHK-HA molecule is fully dislocated to the cytosol and released from the cells upon plasma membrane permeabilization.
Next, we wanted to demonstrate the full dislocation of proteins in intact living cells. To accomplish this goal, we included a nuclear localization signal (NLS) in SP-S11-NHK-HA and SP-S11-CD3δ-HA, resulting in the SP-S11-NLS-NHK-HA and SP-S11-CD3δ-NLS-HA proteins (Fig. 2C, left) . We reasoned that if full dislocation occurred, the NLS would then direct the fully dislocated NHK and CD3δ to the nucleus. Because S11 and the HA tag are located in the N-and Ctermini, respectively, co-localization of drGFP and HA immunofluorescence reflects dislocation of the whole molecule. HeLa cells co-expressing S1-10 and SP-S11-NLS-NHK-HA or SP-S11-CD3δ-NLS-HA were treated with MG132 and then stained for HA to show total S11-NLS-NHK-HA or S11-CD3δ-NLS-HA. As shown in Fig. 2C , NHK and CD3δ drGFP showed clear nuclear localization and, at the same time, a portion of HA staining (for total NHK or CD3δ) co-localized with the nucleus-localized NHK or CD3δ drGFP, suggesting that both NHK and CD3δ are fully dislocated from the ER to the cytosol and then imported into the nucleus. Time-lapse imaging revealed a continuous increase in NHK and CD3δ drGFP fluorescence in the nucleus following proteasome inhibition (Supplementary Movies 3 and 4). Interestingly, CD3δ drGFP exhibited prominent nuclear localization after proteasome inhibition, even without the addition of an NLS (Fig. 1F and Supplementary Movie 2) , suggesting that full dislocation of this protein is not an artifact caused by the addition of an NLS. We further characterized the nucleus-localized NHK by biochemical approaches. HeLa cells expressing FLAG-SP-S11-NLS-NHK-HA were processed into nuclear and cytoplasmic fractions. Immunoblotting showed that a portion of the NHK was localized in the nuclear fraction when MG132 was used to prevent the degradation of the dislocated NHK (Fig. 2D, lanes 8 vs. 7) . The nuclear localization of NHK is dependent on the added NLS because NHK without the NLS cannot be detected in the nuclear fraction (Fig. 2D, lanes  8 vs. 6) . Importantly, the nucleus-localized NHK did not contain the FLAG tag, but the FLAG tag became detectable when the SP was deleted from FLAG-SP-S11-NLS-NHK-HA (Fig. 2D, lane 9) . These results indicate that the SP is cleaved from the nuclear NHK. Taken together, these results suggest that NHK and CD3δ are fully dislocated from the ER to the cytosol during ERAD.
Knockdown of Sel1L, Hrd1 and p97/VCP but not gp78 inhibits NHK dislocation and drGFP
To further validate the drGFP assay, we turned to the Hrd1 ubiquitin ligase complex (29, (53) (54) (55) (56) . The Hrd1 and Sel1L proteins in this complex have been shown to be critically required for NHK degradation (56), but it is not known whether they play a role in NHK dislocation. To answer this question, we established a HeLa cell line stably expressing SP-S11-NHK-HA and S1-10. We then knocked down the expression of Sel1L or Hrd1. Time-lapse imaging of drGFP was performed every 10 minutes for up to 4 hours immediately after the addition of MG132. The results showed that MG132 treatment induced a fairly homogeneous increase in drGFP in all control knockdown cells (Fig. 3A , upper panel and Supplementary Movie 5a), but the increase was markedly suppressed in cells with Sel1L or Hrd1 knockdown (Fig. 3A , middle and lower panels as well as Supplementary Movie 5b, c). Quantification using ImageJ, a free imageprocessing software program (http://rsb.info.nih.gov/ij/), revealed that the drGFP intensity gradually increased by approximately 6.5-fold after a 4-hour treatment with MG132 in control cells, whereas the increase was almost completely abolished by the knockdown of Sel1L or Hrd1 (Fig. 3B, C) . These results indicate that drGFP is capable of monitoring dynamic increases in NHK dislocation and that Hrd1 and Sel1L are essential for NHK drGFP.
During ERAD, NHK must be dislocated before it can be ubiquitinated. A failure in dislocation should suppress NHK ubiquitination and lead to accumulation of NHK in the ER Lumen. To assess luminal accumulation of NHK, Sel1L and Hrd1 were knocked down in a HeLa cell line stably expressing SP-S11-NHK-HA and S1-10. The microsomal fraction was isolated and subjected to a Proteinase K protection assay (43) . As shown in Figure 3D and E (lanes 1-3) , knockdown of either Sel1L or Hrd1 caused increases in NHK levels that were not sensitive to Proteinase K digestion (Fig. 3D, lane 4-6) . As a positive control, Proteinase K completely digested a cytosolic domain of calnexin in all cells, as reflected by the drop in its molecular weight (Fig.  3D, lane 4-6) . These results suggest that knockdown of either Sel1L or Hrd1 causes accumulation of NHK in the ER lumen. To determine whether NHK is ubiquitinated, Hrd1 or Sel1L knockdown cells were lysed in a denaturing buffer and processed for immunoprecipitation of NHK followed by immunoblotting for ubiquitin. As shown in Figure 3E , knockdown of either Sel1L or Hrd1 caused an increase in total ubiquitination level (lanes 2 and 3 vs. 1) but significantly inhibited NHK ubiquitination (lanes 5 and 6 vs. 4). Thus, the decreases in NHK drGFP fluorescence correlate well with increases in luminal NHK and decreases in ubiquitinated NHK in Sel1L or Hrd1 knockdown cells, suggesting that Sel1L and Hrd1 are critically required for NHK dislocation.
gp78 is another E3 ubiquitin ligase for ERAD, but it is not involved in the degradation of NHK (57, 58) . As predicted, the knockdown of gp78 did not cause accumulation of the NHK protein and had no inhibitory effect on NHK drGFP fluorescence (Fig. 3F) as measured with a fluorescence microplate reader after the treatment with MG132. On the other hand, knockdown of p97/VCP, a well-established dislocation factor (59, 60) , significantly inhibited the formation of NHK drGFP accompanied by an increase in the steady level of NHK (Fig. 3F) . These results are in agreement with the previously reported roles of gp78 and p97/VCP in the dislocation of NHK.
The drGFP assay reveals the cooperation of p97/VCP and importin β in NHK dislocation
The RNAi results suggest that drGFP assay can be useful in the screening and functional analysis of proteins involved in certain substrate dislocation. We then asked if drGFP assay could also be used in the identification of chemical modulators of dislocation. We tested this idea by assessing the recently developed small molecule inhibitor of p97/VCP, N2, N4-dibenzylquinazoline-2, 4-diamine (DBeQ) and the inhibitor of importin β, importazole.
DBeQ inhibits the ATPase activity of p97/VCP (61). Our RNAi results have confirmed the role of p97/VCP in dislocation (Fig. 3F) . However, the requirement for the ATPase activity of p97/VCP in dislocation has not been demonstrated in living cells. In initial characterization, we found that treatment with DBeQ stabilized SP-S11-NHK-HA proteins (Fig.  4A ) and induced ER stress as indicated by upregulation of CHOP (GADD153), a wellestablished marker of the unfolded protein response initiated by ER stress (Fig. 4B) . This is consistent with previous reports (61) .
Importazole is a 2,4-diaminoquinazoline that specifically blocks importin-β-mediated nuclear import by interfering with the interaction between importin β and RanGTP (40) . Importin β is a recently identified component of the ERAD machinery that regulates ERAD from the cytosolic side of the ER (32) . It may cooperate with RanGDP in the degradation of NHK, likely by enhancing dislocation. We tested first whether importazole treatment affects the ERAD of NHK. Using the same experiments performed for DBeQ, we found that treatment with increasing amounts of importazole recapitulated the effects of DBeQ, including NHK stabilization and ER stress induction (Fig. 4A, B) . These results support our previous reports that the interaction between importin β and Ran plays an important role in NHK degradation (32) .
We then determined the effects of DBeQ and importazole on dislocation using the drGFP assay. HeLa cells stably expressing SP-S11-NHK-HA and S1-10 were treated with MG132 or MG132 plus one or two of these inhibitors for 4 hours. NHK drGFP fluorescence was examined by microscopy and measured with a fluorescence microplate reader after the treatments. It is worth noting that we chose to use concentrations of DBeQ and importazole that induce ER stress to a moderate extent (as shown in Figure 4B ) to determine whether they have a synergistic effect on NHK dislocation. In addition, the concentration of importazole (30 µM) used did not significantly block the nuclear import of GFP-tagged p53 (Fig.  S1) , which is consistent with its reported effects on the nuclear import of other proteins (40) . The results show that the drGFP signal is significantly increased in cells treated with MG132 alone (Fig.  4C, D) . The increases were reduced by 51% when by guest on September 16, 2017 http://www.jbc.org/ Downloaded from drGFP reporter for protein dislocation from the ER 8
30 µM importazole was present and by 58% when 7.5 µM DBeQ was used (Fig. 4C, D) , suggesting that both inhibitors inhibits the dislocation of NHK. Therefore, the drGFP assay results suggest that ATPase activity of p97/VCP and interaction between importin β and Ran are both required for NHK dislocation. Interestingly, the simultaneous use of DBeQ and importazole reduced the drGFP signal by 89% (Fig. 4C, D) , suggesting a synergistic inhibitory effect when these two inhibitors are combined. Next, we determined whether the synergistic effect correlated with the inhibition of NHK ubiquitination. Cells subjected to the same treatments described in Figure 4C and D were lysed in a denaturing buffer, and then NHK was immunoprecipitated and immunoblotted for ubiquitin. Whereas the total ubiquitination levels were increased to a similar level in the cells with different treatments (Fig. 4E , lanes 3-6 vs. 2), NHK ubiquitination was inhibited in the cells treated with DBeQ, importazole, or both (Fig. 4E , lanes 10-12 vs. 9). Importantly, DBeQ and importazole also synergistically inhibited NHK ubiquitination (Fig. 4E, lane 12) as they did in the drGFP assay (Fig. 4C, D) . Treatment with DBeQ and importazole did not inhibit, and, in fact, slightly increased the ubiquitination of SP-deleted NHK (Fig. 4F) , a cytosolic protein that does not require dislocation for ubiquitination and proteasomal degradation. This result suggests that DBeQ and importazole inhibit NHK ubiquitination by inhibiting its dislocation but not by directly interfering in the ubiquitination process itself. Therefore, the results of the biochemical assays confirmed the drGFP assay results. The ATPase activity of p97/VCP and the importin β-Ran interaction are required for NHK dislocation, and it is likely that p97/VCP and importin β may cooperate in this dislocation process. However, it is surprising that DBeQ treatment inhibited NHK ubiquitination, as previous studies have shown that p97/VCP facilitates dislocation after the substrates have been ubiquitinated (24) . We reason that in DBeQ-treated cells, the ATPase-inactivated p97/VCP may bind to the dislocation complex and block NHK dislocation, resulting in the inhibition of NHK ubiquitination.
DISCUSSION
Based on the reassembly property of the split-GFP system (44), we have established a dislocationdependent reconstituted GFP (drGFP) assay. The usefulness of the drGFP assay for studying dislocation was validated by various biochemical approaches. More importantly, we have used this assay to make several important observations. First, we demonstrated that both the luminal substrate NHK and the membrane-spanning substrate CD3δ could be fully dislocated to the cytosol. Second, we found that importin β cooperates with p97/VCP to regulate NHK dislocation. Third, we showed that Hrd1 is not only functions as an E3 ubiquitin ligase but also plays an essential role in NHK dislocation. It may act as a dislocation channel, similar to its yeast counterpart (62) . Fourth, we found that the Sel1L protein, the luminal substrate receptor, is also essential for NHK dislocation, suggesting that Sel1L may play a key role in the initiation of dislocation. Fifth, we showed that proteasome activity is not required for dislocation in living cells, which is consistent with previous reports using in vitro reconstitution assays (63) . This finding is supported by the fact that the drGFP signal continuously increases when proteasome activity is inhibited. We can envision that this new assay will be appropriate for studying several novel aspects of dislocation that are otherwise difficult or not possible to study with the current biochemical methods. For example, drGFP can be used to rapidly monitor and quantify dislocation in living cells. It specifically enables the study of the fate, localization and solubility (aggregation) of dislocated substrates under physiological and pathological conditions. More importantly, it can be combined with large-scale RNAi and compound screens for proteins and chemical modulators of dislocation of a given specific substrate protein. This assay has the potential to be adopted for studying the dislocation of all luminal substrates and all membrane substrates that have at least one terminus (amino-or carboxyl-terminus) in the ER lumen. The luminal terminus of membrane-spanning substrates can serve as the site for S11 tagging. However, as with other biological assays, the drGFP assay has limitations. For example, a ubiquitination site too close to the S11 tag may interfere with the reassembly of S11 and S1-10. Thus, one should be cautious when an unexplainable negative result is obtained with the drGFP assay. Substrate folding state could be another factor that affects the drGFP assay. Misfolded substrates may embed S11 and block GFP reassembly. However, this may not be a concern; increasing evidence indicates that substrates dislocate in unfolded or partially unfolded states (26, 36, 64, 65) . In addition, S11 and S1-10 reassembly is time and concentrationdependent, which could decrease the sensitivity of the drGFP assay for dislocation. Nonetheless, the present study indicates that the drGFP assay is a simple and reliable assay and should significantly expedite the study of dislocation in ERAD.
The strategy described in this article should be widely applicable to the study of other transmembrane transport of proteins in living cells, such as protein transport across the membranes of mitochondria, Golgi, peroxisomes and lysosome, as well as plasma and nuclear membranes. Moreover, it is well known that certain toxins, such as ricin and cholera toxin, and viruses, such as Simian Virus 40 (SV40), enter cells through endocytosis followed by vesicular transport to the lumen of the ER. These toxins and viruses then coopt the dislocation process to reach the cytosol, where they exert their cytotoxicity or infect cells (12) (13) (14) (15) (16) . We envision that dislocation of these toxins or viruses can be readily monitored in living cells using S11 fused with the toxins or with a viral surface protein. In addition, many proteins, such as the EGF receptor, ErbB2, Calreticulin, OS9 and Nrf1, can translocate from the ER to the nucleus when they function as transcriptional regulators and regulate important cellular events, such as tumorigenesis and oxidative defense (17) (18) (19) (20) (21) (22) . It is generally thought that these proteins first utilize the ERAD dislocation machinery to enter the cytosol and are then imported into the nucleus. However, the underlying mechanisms of this pathway have not yet been established. Application of the drGFP assay should significantly facilitate research in this area. More importantly, the drGFP assays for toxins, viruses and oncogenes, once established, could serve as a simple platform for high-throughput screening of small molecule inhibitors, facilitating dislocationtargeted drug discovery for these specific targets. (A), Schematic representation of the split-GFP-based method to monitor ER protein dislocation. S11-tagged NHK or CD3δ is expressed in the ER, and S1-10 is expressed in the cytosol. GFP can be reassembled when S11-tagged proteins are dislocated to the cytosol. (B), Peptidyl-N-glycosidase (PNGase) F digestion. HeLa cells expressing SP-S11-tagged proteins as indicated were lysed and treated with PNGase F (20 units/µl) at 37 °C for 30 min. (C), Cleavage of signal peptides from S11-tagged ATM and NHK. HeLa cells expressing FLAG-SP-S11-ATM-HA, FLAG-SP-S11-NHK-HA or FLAG-S11-NHK-HA were processed for IB. A group of cells was treated with epoxomycin (2 µM) for 4 h as indicated. (D), HeLa cells stably expressing S1-10 were transfected with plasmids expressing FLAG-SP-S11-ATM-HA (ATM), FLAG-SP-S11-NHK-HA (NHK) or FLAG-S11-NHK-HA (NHK no SP). After overnight culture, the cells were treated with epoxomycin (2 µM) as indicated for 4 h, followed by immunofluorescence staining for HA (in red). (E), as in (B), except that SP-S11-CD3δ-HA was expressed in HeLa cells. (F), as in (D), except that SP-S11-CD3δ-HA was expressed in HeLa cells stably expressing S1-10, and the cells were treated with MG132 (10 µM) for 4 h. SP: signal peptide. Epox: epoxomycin. MG: MG132. . Forty-eight hours after transfection, the microsomes from these cells were prepared and treated with Proteinase K (100 µg/ml) as indicated for 20 min on ice. Then, the microsomes were lysed and processed for IB. (E), Cells transfected as in (A) were processed for immunoprecipitation (IP) with an anti-HA antibody followed by IB with an anti-ubiquitin antibody to detect polyubiquitinated S11-NHK. The numbers in the polyubiquitin blot (PolyUb, lanes [4] [5] [6] show the relative density of polyubiquitinated S11-NHK-HA. WCL: whole cell lysate. (F), HeLa cells stably expressing SP-S11-NHK-HA and S1-10 were subject to siRNA knockdown of Sel1L, Hrd1, gp78 or p97/VCP. NC: non-targeting control siRNA. Graph shows the relative drGFP fluorescence intensity in the knockdown cells measured on a fluorescence microplate reader. Blots show the efficiency of gp78 and p97/VCP knockdown and the levels of NHK. 
